INTRODUCTION
Astrocytes are the primary glial cell type in the brain and regulate many aspects of brain function including neurogenesis and synaptogenesis, regulation of blood flow and metabolic support, ion homeostasis, and clearance of neurotransmitters (1) (2) (3) (4) . Growing evidence indicates that astrocytes also play a direct role in modulating neuronal activity and synaptic functions through the release of neuroactive molecules (4, 5) . Termed "gliotransmitters," these small molecules such as glutamate, adenosine triphosphate (ATP), adenosine, and d-serine (5, 6) can directly modulate brain functions such as plasticity (7, 8) , synchronization of neuronal spiking (9) , and even behavior (10) . As electrically nonexcitable cells, astrocytes exhibit a form of excitability based on intracellular Ca 2+ elevations. Neurotransmitters including glutamate and ATP bind to high-affinity G protein-coupled receptors (GPCRs) on astrocytes to evoke inositol 1,4,5-trisphosphate (IP 3 )-mediated release of Ca 2+ from endoplasmic reticulum (ER) Ca 2+ stores (5, 11) and evoke astrocyte Ca 2+ signaling behaviors ranging from sustained signals to oscillations (12, 13) . Because Ca 2+ mediates numerous effector functions including ion homeostasis, metabolism, gene expression, cell growth, and secretion (14) , identification of the mechanisms by which Ca 2+ enters the cell to evoke astrocyte Ca 2+ signaling is of great interest. Yet, the available literature shows gaps in our understanding of the "Ca 2+ excitability" of astrocytes. What pathways are involved in generating astrocyte Ca 2+ elevations? What are the dynamic properties of these Ca 2+ signals? How are they coupled to secretion of gliotransmitters and other downstream effector functions? Progress in resolving these questions has been slow, largely because the sources of Ca 2+ mobilization and Ca 2+ entry in astrocytes remain poorly understood (12, 13, (15) (16) (17) . There is evidence for the involvement of Ca 2+ release from intracellular stores (4, 12, 15, 18, 19) . However, because release of Ca 2+ from intracellular stores is typically coupled to activation of store-operated Ca 2+ entry (SOCE) (20) and previous studies were not designed to discriminate between SOCE and store release, the possibility that SOCE could contribute to astrocyte Ca 2+ signaling has not been seriously considered in past work.
In metazoans, a primary mechanism of mobilizing [Ca 2+ ] i (intracellular calcium concentration) elevations is SOCE. SOCE is activated by the engagement of cell surface receptors that activate phospholipase C through G proteins or tyrosine kinase cascades to cleave phosphatidylinositol 4,5-bisphosphate and produce IP 3 (20) . The ensuing depletion of intracellular Ca 2+ stores activates the ER Ca 2+ sensors stromal interaction molecule 1 (STIM1) and STIM2, which translocate to the junctional ER to interact with and activate store-operated Ca 2+ release-activated Ca 2+ (CRAC) channels formed by the Orai1, Orai2, and Orai3 proteins (20) . Key hallmarks of CRAC channels include store-dependent activation, voltage independence, exquisite Ca 2+ selectivity, and a low unitary conductance, making them ideally suited for generating oscillatory and long-lasting [Ca 2+ ] i signals needed for transcriptional, enzymatic, and secretory effector cascades (20) . Orai1 and STIM1 are expressed in glioblastoma cell lines (21) , cortical astrocytes (22) , spinal astrocytes (23) , and white matter glia of the optic nerve (24) where they mediate SOCE in response to thapsigargin (TG)-mediated depletion of ER Ca 2+ stores. However, the contribution of CRAC channels for regulating the Ca 2+ excitability of astrocytes, particularly in response to physiological agonists, and their role in gliotransmitter release are unknown.
Here, we investigated the role of CRAC channels for astrocyte Ca 2+ excitability and gliotransmitter release using genetic knockouts of Orai1 and STIM1 and wide-field, two-photon, and total internal reflection fluorescence (TIRF) microscopy. Our results showed that CRAC channels formed by Orai1 and STIM1 are a major route of Ca 2+ entry in hippocampal astrocytes and are essential for generating Ca 2+ signals in the cell body and astrocytic processes in situ after metabotropic receptor stimulation. Moreover, we showed that stimulation of CRAC channels directly triggered slow vesicular release of gliotransmitters, including ATP. Using slice electrophysiology, we showed that activation of CRAC channels in astrocytes increased the activity of GABAergic interneurons in the CA1 hippocampus, resulting in enhanced GABAergic transmission to CA1 pyramidal neurons. Together, these results identify CRAC channels as a major route of Ca 2+ entry in astrocytes and a principal mechanism for evoking gliotransmitter release for modulating neuronal circuits.
RESULTS

Hippocampal astrocytes exhibit SOCE mediated by Orai1 and STIM1
Astrocytes display intracellular Ca 2+ fluctuations implicated in many downstream effector functions including release of gliotransmitters (25) (26) (27) . However, the contributions of specific plasma membrane Ca 2+ entry pathways that mediate these functions are poorly understood. To address a potential role for CRAC channels in generating cytosolic Ca 2+ elevations and gliotransmitter release, we began our studies in hippocampal astrocytes by measuring cytosolic Ca 2+ transients after depletion of ER Ca 2+ stores with the SERCA inhibitor TG. TG was administered in a Ca 2+ -free Ringer's solution, and SOCE was quantified using the classical method of measuring the rate and extent of Ca 2+ influx after readdition of extracellular Ca 2+ . These experiments revealed that mouse hippocampal astrocytes exhibited robust SOCE with the typical pharmacological hallmarks of CRAC channels (28) , including blockade by low concentrations of the trivalent ion La 3+ (Fig. 1A) , inhibition by the channel inhibitor bistrifluoromethyl pyrazole 2 (BTP2) (Fig. 1A) , and potentiation at low doses and inhibition at high doses by the compound 2-aminoethyldiphenyl borate (2-APB) ( fig. S1, A and B) . These results indicate that storeoperated CRAC channels are functionally expressed in mouse brain astrocytes and mediate robust SOCE.
The best-described CRAC channels are formed by Orai1 and activated by the ER Ca 2+ sensor STIM1. Immunostaining revealed that Orai1 is expressed in the glial fibrillary acidic protein (GFAP)-positive hippocampal astrocytes from wild-type (WT) but not from Orai1 knockout (KO) cultures ( fig. S1C ). Moreover, expression of a dominantnegative pore mutant of Orai1, E106A, suppressed SOCE, suggesting the involvement of Orai proteins in this pathway ( fig. S1D ). To directly determine the contribution of Orai1 and STIM1 for mediating SOCE in astrocytes, we examined Ca 2+ signals in brain-specific KO mice of these proteins, which were generated by crossing Orai1 fl/fl (or STIM1 fl/fl ) mice with mice expressing Cre-recombinase driven by the nestin promoter (29) . Because nestin is expressed in neural stem/progenitor cells early in brain development, the progeny of this cross (Orai1 fl/fl nestin-Cre or STIM1 fl/fl nestin-Cre ) should lack Orai1 or STIM1 in both neurons and glia in the brain (30, 31) . Consistent with this expectation, examination of TG-mediated Ca 2+ entry in primary astrocytes obtained from Orai1 or STIM1 KO mice indicated that SOCE was abrogated upon loss of Orai1 or STIM1 (Fig. 1, B fig. S1I) , providing a second, more astrocyteselective genetic line for probing the role of Orai1 in astrocytes. In addition, astrocytes grown using the "AWESAM" protocol that yields stellate astrocytes with complex morphology, long processes, and a more in vivo-like transcriptome than traditional astrocyte cultures (32, 33) also exhibited robust SOCE, which was lost in Orai1 KO astrocytes (fig. S1, J and K). Collectively, these results indicate that Orai1 and STIM1 are essential for mediating SOCE in mouse astrocytes.
SOCE in astrocytes is activated by metabotropic purinergic and protease-activated receptors
To investigate the physiological activators of SOCE in astrocytes, we surveyed several agonists of G protein-coupled purinergic, glutamatergic, cholinergic, and protease-activated receptors (PARs) that can result in depletion of ER Ca 2+ stores. We administered these agonists in Ca 2+ -free solution to release intracellular Ca 2+ stores and examined SOCE after readdition of extracellular Ca 2+ . The purinergic agonist ATP, the P2Y-specific (P2Y 2 and P2Y 4 ) receptor agonist uridine triphosphate (UTP), and the PAR agonist thrombin robustly activated SOCE in astrocytes (Fig. 2 , A to C). Purinergic receptors, including metabotropic P2Y receptors, are implicated in the Ca 2+ excitability of astrocytes and the reciprocal communication between neurons and glia (34) . Likewise, PARs, which are abundantly expressed in astrocytes (35) (36) (37) , are linked to many astrocyte functions including gliotransmitter release (38) , production of proinflammatory mediators (39) , and astrogliosis (40) .
These (36, 37) . Together, these findings suggest that Orai1 channels are essential for mediating intracellular Ca 2+ rises downstream of many types of metabotropic stimuli in astrocytes.
Activation of Orai1 channels stimulates vesicular exocytosis
The finding that Orai1 channels are critical for receptor-mediated mobilization of Ca 2+ influx into astrocytes led us to next ask whether Orai1-mediated Ca 2+ entry evoked the release of gliotransmitters. We addressed this question using several different methods: monitoring vesicular exocytosis with the genetically encoded fluorescent reporter, synaptopHluorin (spH), and the styryl dye, FM1-43, and directly measuring specific gliotransmitters released into the external media.
spH is a fusion protein made up of the transmembrane synaptic vesicle protein VAMP2 (synaptobrevin 2) and a pH-sensitive green fluorescent protein called pHluorin fused to its C terminus inside the vesicle lumen (41) . The highly acidic intraluminal environment of vesicles (pH ~5.5) causes pHluorin fluorescence [pK a ~ 7.1 (where K a is the acid dissociation constant)] to be quenched. However, upon vesicular fusion, the intraluminal pH equilibrates with the neutral pH of the extracellular medium (pH ~7.4) resulting in rapid dequenching and ~20-fold increase in spH fluorescence. Fluorescence is quenched once again after endocytosis and reacidification. We transiently transfected spH into hippocampal astrocytes and monitored spH fluorescence 24 to 48 hours later using TIRF microscopy, which enabled us to detect distinct exocytotic events on the footprint of spH-expressing astrocytes ( Fig. 3A and movies S1 and S2). At rest, the exocytotic events occurred with an average frequency of 0.09 ± 0.01/s or 5 ± 1 fusions/min per 1000 m 2 of astrocyte footprint. The fluorescence of the events decayed with heterogeneous kinetics with an average decay half-width of ~1.7 s in resting cells ( fig. S3 , A to C). These kinetic features are comparable to the properties of spontaneous spH fusion events previously described and could, as previously suggested, reflect a mix of both kiss-and-run and full fusions (25, 26) .
Stimulating WT cells with TG to activate CRAC channels enhanced the rate and extent of exocytosis (Fig. 3, B and C) . TG also caused the appearance of large-amplitude exocytotic events with similar half-widths as seen at baseline ( fig. S3A ). The average rate of exocytosis increased about threefold to 14 ± 3 fusions/min per 1000 m 2 of astrocyte footprint, reaching its peak value 267 ± 30 s after TG administration. In contrast to astrocytes from WT mice, exocytosis evoked by TG was significantly impaired in astrocytes from Orai1 KO mice (Fig. 3, D and E). Basal exocytosis was not significantly altered in the Orai1 KO mice (Fig. 3F) . Rather, the primary defect appeared to be in the extent of the increase in secretion rate after cell stimulation, which was significantly smaller in Orai1 KO astrocytes in response to TG stimulation (Fig. 3G) .
To verify that the spH events we observed were truly vesicle fusions, we examined the effects of coexpressing the light chain of tetanus toxin (TeTx), a protease toxin that cleaves VAMP2 and prevents SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor)-mediated exocytosis (42) . spH exocytosis was abrogated with TeTx both at baseline (Fig. 3F ) and in response to TG (Fig. 3G) , indicating that spH-monitored vesicular fusion events in astrocytes are driven by SNARE-mediated exocytosis. Furthermore, chelating intracellular Ca 2+ with BAPTA [1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid] nearly completely abolished spH fusion events at baseline (Fig. 3F ) and after TG stimulation (Fig. 3G) , consistent with the role of [Ca 2+ ] i elevations in inducing vesicular exocytosis. Next, we stimulated astrocytes with the GPCR agonists UTP and thrombin (Fig. 4, A and B) . UTP and thrombin increased the rate of exocytosis to 14 ± 2 and 19 ± 3 fusions/min per 1000 m 2 of astrocyte footprint, respectively. UTP and thrombin evoked exocytosis considerably faster than TG, with the maximal rates peaking at 148 ± 22 s and 158 ± 32 s after agonist application, respectively, suggesting that receptor-mediated Ca 2+ entry was more effective at triggering exocytosis than Ca 2+ entry triggered by passive depletion of ER stores by TG. In addition to increasing the rate of exocytosis, UTP and thrombin also resulted in the appearance of large-amplitude exocytotic events, which could reflect compound or multivesicular release ( fig. S3 , B and C). As seen for TG, deletion of Orai1 decreased the rate of exocytosis in response to cell stimulation by UTP and thrombin (Fig. 4 , C and D). Thrombin stimulation also evoked increased spH exocytotic events in WT astrocytes with stellate morphology grown using the AWESAM protocol, but not in similarly grown Orai1 KO astrocytes ( fig. S4 , A to D). Together, these results indicate that Orai1 channels are essential for store depletion-evoked and receptor-stimulated vesicular exocytosis in hippocampal astrocytes.
Administration of UTP or thrombin in a Ca
2+
-free Ringer's solution did not substantively induce exocytosis (Fig. 4 , E to H), despite mobilization of [Ca 2+ ] i (Fig. 2 , B and C), indicating that store release by itself does not drive vesicular exocytosis. Together, these data show that Ca 2+ -dependent vesicular exocytosis evoked by GPCR stimulation requires Ca 2+ entry through Orai1 channels across the plasma membrane.
Vesicular exocytosis is mediated by local Ca
2+ signals around CRAC channels
The finding that store release alone in the absence of SOCE was less efficient at evoking gliotransmitter release led us to next consider whether vesicle fusion events were coupled to local spatial microdomains around CRAC channels rather than global Ca 2+ rises. To explore this idea, we studied the differential effects of fast and slow (43) , the neurotransmitter release machinery (44, 45) , and gene transcription (29, 46, 47) . We found that both EGTA and BAPTA 
Loss of Orai1 impairs exocytosis as monitored by FM1-43
In a second method to monitor exocytosis, we used the dye FM1-43, which reversibly binds to synaptic membranes and can be incorporated into synaptic vesicles and has been used to monitor vesicular exocytosis in many cell types, particularly neurons (48, 49) . FM1-43 is reported to preferentially label lysosomal-like vesicles (27) , raising the possibility that this method may provide a readout of lysosomal secretion. We found that activation of SOCE by store depletion stimulated exocytosis of FM1-43-labeled vesicles in cultured hippocampal astrocytes ( fig. S6A ). FM1-43 destaining was markedly attenuated by deleting Orai1 and suppressed after preincubation with the CRAC channel inhibitor BTP2 ( fig. S6 , B and C). These results are consistent with the previous findings using spH and further support a crucial role for Orai1 in mediating gliotransmitter exocytosis from astrocytes.
Activation of CRAC channels evokes ATP release from hippocampal astrocytes
Although pHluorins and FM1-43 provide a convenient way to monitor regulated exocytosis, these tools do not reveal the identity of the gliotransmitters being released. ATP is a prominent gliotransmitter released from astrocytes that regulates the physiology of neurons and astrocytes (50) (51) (52) (53) (54) . To determine whether CRAC channels are involved in the release of this key gliotransmitter, we measured ATP in the supernatant of cultured astrocytes. These measurements revealed that CRAC channel activation in response to depletion of ER Ca 2+ stores by TG ( ) astrocytes. Summary data are means ± SEM of n = 24 to 53 cells for each group from three to six independent experiments. ***P < 0.001 by ANOVA followed by Tukey test for comparison of multiple groups (B and C) or by unpaired t test for comparison of two groups (A).
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Likewise, blockade of CRAC channel-mediated Ca 2+ influx with BTP2 also abrogated TG-induced ATP release from astrocytes (Fig. 5A) . Together, these results provide evidence that Orai1-mediated CRAC channels are essential for the secretion of ATP from astrocytes. (Fig. 6A) . We focused our studies on astrocytes in the CA1 stratum radiatum layer because these astrocytes have been implicated in many functions including uptake and release of transmitters and modulation of hippocampal neural circuits by ATP-mediated stimulation of interneuron activity (56) (57) (58) .
Orai1 channels generate GPCR-mediated
Examination of GCaMP6f-expressing astrocytes using 2PLSM revealed an intricate pattern of astrocyte arborization expected of astrocytes in situ. In contrast to cultured astrocytes, astrocytes in situ showed robust on-going spontaneous activity seen as transient rises in Ca 2+ in their soma and in the processes (movie S3). To compare the behavior of WT and Orai1 KO astrocytes, we mapped Ca 2+ fluctuations in regions of interest (ROIs) in three anatomically defined compartments: the soma, the primary proximal processes coming off the cell body, and the distal tertiary processes (Fig. 6, B and C, and fig. S7A ). These measurements showed that WT astrocytes showed spontaneous Ca 2+ oscillations, which occurred at a relatively low frequency of 0.5 ± 0.14/min in the soma but at considerably higher frequencies in the proximal and distal processes (2.7 ± 0.4/min and 5.0 ± 0.4/min, respectively) (Fig. 6D) . We observed Ca 2+ signals with a traveling wave-like quality, as well as Bar graphs show means ± SEM. *P < 0.05, **P < 0.01 by ANOVA followed by Tukey test. ns, not significant. more compartmentalized, local Ca 2+ signals in the processes (movies S3 and S4), similar to the observations by Srinivasan et al. (19) . Consistent with previous observations (19, 55) , spontaneous Ca 2+ activity declined in the absence of extracellular Ca 2+ , indicating that it critically depends on Ca 2+ entry across the plasma membrane ( fig. S7B ). To examine how these Ca 2+ signals are altered by GPCR stimulation, we used the PAR agonist thrombin, which evokes robust Orai1-dependent Ca 2+ signals in astrocytes as described above (Fig. 2C  and fig. S2, C and D) . Application of thrombin increased Ca 2+ activity in all three astrocyte compartments-soma, proximal processes, and distal processes-with the frequency of somatic Ca 2+ oscillations in WT astrocytes increasing nearly fivefold (from 0.5 ± 0.14 to 2.3 ± 0.5/min) (Fig. 6D) . Thrombin also significantly increased both the amplitude and frequency of Ca 2+ fluctuations in the proximal and distal processes (Fig. 6, D and E) , with the amplitude of Ca 2+ fluctuations in the proximal processes increasing by 65% and those in the distal processes increasing by 45%. Analysis of the amplitude distributions revealed that the increase in the overall amplitude of the thrombin-evoked Ca 2+ spikes occurred primarily because of emergence of large-amplitude oscillations in the proximal and distal processes (Fig. 6, F and G, and fig. S7, C and D) .
Examination of the behavior of Orai1 KO astrocytes revealed that, at baseline, the frequency and amplitude of Ca 2+ oscillations in the cell body and proximal processes were similar to those seen in WT astrocytes (Fig. 6H) . The only notable difference from WT astrocytes was a modest decline (~30%) in the frequency of baseline Ca 2+ oscillations in the distal processes (Fig. 6H) . However, the amplitude of these signals was comparable to those seen in WT astrocytes (Fig. 6I) . Thus, these results suggest that, in unstimulated astrocytes, CRAC channels make only minor contributions to spontaneous baseline Ca 2+ signals.
In response to thrombin, however, Orai1 KO astrocytes displayed several major differences from WT astrocytes. First, in contrast to the marked enhancement of Ca 2+ fluctuations seen in WT astrocytes, thrombin failed to boost the frequency of Ca 2+ fluctuations in Orai1 KO astrocytes (Fig. 6D) . In all three compartments (cell body, -free, n = 7 cells; TeTx, n = 9 cells. Scale bars, 20 m. Bar graphs show means ± SEM. *P < 0.05, **P < 0.01 by ANOVA followed by Tukey test.
proximal processes, and distal processes), the rate of Ca 2+ fluctuations remained unchanged after thrombin administration. As a result, the frequency of Ca 2+ fluctuations after thrombin stimulation was markedly lower in Orai1 KO astrocytes compared to stimulated WT astrocytes (Fig. 6H) . Second, unlike WT astrocytes, Orai1 KO astrocytes also did not show an increase in the amplitude of Ca 2+ fluctuations in response to thrombin administration (Fig. 6E) . The amplitude of Ca 2+ fluctuations after thrombin stimulation was also lower in Orai1 KO astrocytes compared to stimulated WT astrocytes in the distal processes (Fig. 6I) . A direct comparison of distribution of the amplitudes of Ca 2+ spikes further revealed that the proximal and distal processes of Orai1 KO astrocytes exhibited a significant lack of larger amplitude events seen in WT astrocytes in response to thrombin stimulation (Fig. 6, F and G, and fig. S7C ). Together, these results indicate that loss of Orai1 substantially attenuates the frequency and amplitude of Ca 2+ fluctuations both in the cell body and processes of astrocytes in situ after GPCR stimulation.
Astrocyte Orai1 channels regulate GABAergic transmission to CA1 pyramidal neurons
The above findings indicating that Orai1 channels function as a major route of Ca 2+ entry in astrocytes to stimulate gliotransmitter release led us to next examine the role of this pathway for modulating the activity of neighboring hippocampal neurons. To investigate this question, we used hippocampal CA1 slice electrophysiology to monitor the effects of astrocyte-mediated release of gliotransmitters on hippocampal neurons. Thrombin-mediated stimulation of PARs expressed in astrocytes enhances the activity of GABAergic interneurons in the stratum radiatum region, likely through astrocytic release of ATP and stimulation of P2Y receptors on interneurons (57) . The ensuing increase in electrical activity of interneurons is then detected as a slow burst of spontaneous inhibitory postsynaptic currents (sIPSCs) on CA1 pyramidal neurons (57, 58) . We examined the role of astrocyte Orai1 channels for this effect by recording IPSCs in CA1 pyramidal neurons using patch-clamp electrophysiology in hippocampal slices.
Consistent with previous reports (57, 58), we found that administration of thrombin to hippocampal slices evoked an increase in sIPSCs on CA1 pyramidal neurons that developed gradually over tens of seconds (Fig. 7, A and B) . The frequency of sIPSCs increased twofold after thrombin administration, without an obvious change in the average amplitude of the events (Fig. 7, C and D) . This result indicates that stimulation of astrocyte Ca 2+ signaling by thrombin increases the activity of GABAergic interneurons in the CA1 hippocampus. Moreover, the thrombinmediated IPSC burst required action potential activity as measurements of the quantal miniature ISPC (mIPSC) responses in the presence of tetrodotoxin (TTX) showed no change in the mIPSC frequency or amplitude (Fig. 7E) .
In conditional Orai1 KO (Orai1 fl/fl
GFAP-Cre
) mice, we observed that the frequency and amplitude of sIPSCs at baseline were unchanged compared to WT astrocytes (Fig. 7, F to I ). This result suggests that, in the absence of exogenous agonists, the inhibitory tone on CA1 pyramidal neurons was not altered by loss of astrocytic Orai1 channels. However, the thrombin-mediated enhancement of sIPSC response seen in WT mice was abolished in the Orai1 fl/fl GFAP-Cre mice (Fig. 7 , F to H). As a consequence, steady-state IPSC activity after thrombin administration was markedly lower in astrocytes from Orai1 fl/fl GFAP-Cre mice compared to WT mice (Fig. 7, C and H) . Further, administration of the broad-spectrum ATP receptor antagonist PPADS abolished the thrombin-mediated IPSC burst on CA1 pyramidal cells in WT slices (Fig. 7J) , a finding consistent with previous reports indicating that astrocytic release of ATP modulates the activity of neighboring interneurons (52, 57, 58) . Because PARs mediate Ca 2+ signaling primarily in astrocytes but not in CA1 neurons (36, 37) , these results suggest that thrombin-evoked activation of CA1 astrocytes results in the release of gliotransmitters to stimulate the excitability of nearby CA1 interneurons, which in turn increases GABAergic transmission to CA1 pyramidal neurons. Collectively, these results indicate that Orai1 channels in astrocytes are critical for astrocyte-mediated stimulation of stratum radiatum interneurons and astrocyte-mediated increase in tonic inhibition of CA1 pyramidal neurons.
DISCUSSION
Despite evidence demonstrating that the Ca 2+ excitability of astrocytes is important for many functions including the release of gliotransmitters (6, 50, 52, (59) (60) (61) (62) (63) , the identity of the specific pathways that generate astrocyte Ca 2+ signals, and how these are linked to effector functions remains poorly understood. In this study, we found that CRAC channels formed by Orai1 and STIM1 are a major route of Ca 2+ influx in hippocampal astrocytes and that their activation generates sustained Ca 2+ signals and oscillations in response to stimulation of various GPCRs. Moreover, we showed that the CRAC channelmediated Ca 2+ signals triggered gliotransmitter exocytosis and secretion of the gliotransmitter ATP. The release of ATP from astrocytes and the ensuing activation of purinergic receptors stimulated hippocampal interneurons to increase GABAergic transmission on CA1 pyramidal cells. These results reveal a function of CRAC channels as important was suppressed in Orai1 KO astrocytes and WT astrocytes after preincubation with CRAC channel inhibitor BTP2 (1 M for 2 hours). n = 9 to 23 wells for each group from three to five independent cultures. (B) Thrombin stimulated ATP secretion from cultured WT astrocytes but not from Orai1 KO astrocytes. n = 10 to 16 wells for each group from three to four independent cultures. Bar graphs show means ± SEM. *P < 0.05 by ANOVA followed by Tukey test.
regulators of astrocyte gliotransmission and identify astrocytic Orai1 channels as a new target for modulating neuronal activity. We demonstrated that cortical and hippocampal astrocytes exhibited SOCE with the pharmacological and biophysical hallmarks of CRAC channels, including blockade by low concentrations of La 3+ , modulation by 2-APB, and inhibition by the CRAC channel inhibitor BTP2. SOCE in astrocytes was abrogated by conditional KO of Orai1 and STIM1, consistent with previous observations (22, 24, 64) . Our data do not directly rule out a role for the CRAC channel molecules Orai2, Orai3, and STIM2. However, TG-mediated SOCE was >95% abolished by deletion of Orai1 and STIM1, indicating that Orai1 and STIM1 are essential for SOCE in hippocampal astrocytes. Likewise, loss of Orai1 abrogated sustained and oscillatory Ca 2+ signals evoked by the GPCR agonists ATP, UTP, and thrombin without detectably affecting Ca 2+ release from intracellular stores. These results indicate that CRAC channels function as a major route of Ca 2+ entry in hippocampal astrocytes after stimulation of GPCRs.
Astrocyte morphology in intact tissue is complex, with numerous fine networks of processes extending from the soma. Unlike astrocytes in culture, measurements of astrocyte Ca 2+ signals in brain slices using GCaMP6f revealed substantial spontaneous activity especially in the proximal and distal processes. These Ca 2+ fluctuations were reduced in Ca 2+ -free extracellular solutions, indicating that they were mediated in large part by transmembrane Ca 2+ fluxes, in agreement with conclusions from past reports (19, 55, 65) . However, loss of Orai1 elicited only a modest decrease in Ca 2+ signaling at rest, indicating that Orai1 does not substantially account for the fluctuations seen in unstimulated cells. By contrast, stimulation of astrocytes in tissue slices evoked an increase in Ca 2+ fluctuations that were dependent on the presence of Orai1 channels. Specifically, the thrombin-mediated increase in the frequency of Ca 2+ fluctuations in the cell body and processes was essentially eliminated in the absence of Orai1 channels (Fig. 6, D and H) . Loss of Orai1 also attenuated the amplitude of the thrombin-mediated Ca 2+ rises in the distal processes. Because astrocytes express a large repertoire of GPCRs for hormones and neurotransmitters (66) whose activation is linked to many downstream effects including gliotransmitter release, cytokine production, and proliferation (4, 23, 38, 57) , the finding that Orai1 channels play an essential role in triggering astrocytic Ca 2+ elevations in response to GPCR activation suggests that CRAC channels could serve as a key Ca 2+ entry pathway for driving these and other downstream effector functions.
Consistent with this possibility, measurements of vesicular exocytosis using spH and FM1-43 showed that knocking out Orai1 impaired GPCR-evoked gliotransmitter release (Figs. 3 to 5) . Specifically, spH measurements showed that the increase in vesicular exocytosis triggered by TG, UTP, or thrombin was essentially eliminated in Orai1 KO astrocytes. Likewise, FM1-43 measurements similarly showed that loss of Orai1 markedly attenuated the extent of FM1-43 destaining. Last, direct measurements of ATP showed that the release of this key gliotransmitter was impaired in Orai1 KO astrocytes. These results indicate that CRAC channels are essential for evoked vesicular exocytosis after stimulation of purinergic receptors and PARs in astrocytes. The loss of Orai1 did not impair Ca 2+ store release in response to stimulation of P2Y receptors and PARs (Fig. 2) yet evoked vesicular exocytosis, and ATP secretion was markedly impaired (Figs. 4 and 5) . The inability of IP 3 R-mediated store release in the absence of Ca 2+ influx to evoke substantive vesicular exocytosis points to an essential requirement for Ca 2+ entry across the plasma membrane to evoke exocytosis from astrocytes. This conclusion challenges prevailing viewpoints that have attributed GPCR-mediated Ca 2+ elevations and gliotransmitter release primarily to Ca 2+ release from stores (12, 17, 67, 68) . However, these previous studies of IP3R-medidated Ca 2+ transients did not directly probe whether GPCR-evoked Ca 2+ signals in fact are the exclusive result of Ca 2+ release from stores or also include Ca 2+ entry across the plasma membrane through store-operated channels.
On the basis of results presented here, we favor the interpretation that store release alone is insufficient and that Ca 2+ entry through SOCE is essential for vesicular exocytosis. The ability of the slow Ca 2+ chelator EGTA to block global Ca 2+ signals but not vesicular exocytosis as effectively as the fast Ca 2+ chelator BAPTA is also consistent with this notion, reaffirming the importance of local Ca 2+ signals close to sites of Orai1 channels for initiating exocytosis.
A notable feature of astrocytic vesicular release is its slow and sustained nature, which differs from the considerably faster and precisely timed nature of exocytosis in neurons (69) . We observed that the increase in the rate of exocytosis developed slowly, especially after TG stimulation, and was typically maintained for minutes after agonist administration (Figs. 3 and 4) . These observations are consistent with previous findings showing delays in exocytosis of several seconds after cell stimulation (26, 27, 53, 70) . We believe that the slow kinetics of astrocytic exocytosis likely reflects the slow kinetics of CRAC channel activation, which requires accumulation of STIM1 and trapping of Orai1 at the ER-plasma membrane junctions (20) . The slow and distributed nature of astrocyte gliotransmitter release suggests that, rather than affecting individual fast synaptic events, astrocytes play a role in modulating the homeostatic state or global activity of neuronal circuits by targeting extrasynaptic low-affinity receptors (15) .
To examine the implications of Orai1-mediated gliotransmitter release on neural network activity, we used slice electrophysiology to monitor astrocyte-mediated modulation of interneuron activity. As shown in previous reports (56, 57) , stimulation of astrocytes by the PAR agonist thrombin increased IPSC activity on CA1 pyramidal neurons on slow timescales of tens of seconds lasting several minutes (Fig. 7) . The thrombinmediated increase in tonic inhibition on CA1 pyramidal neurons was lost in slices from Orai1 fl/fl GFAP-Cre mice, indicating that astrocyte Orai1 channels have a vital role in driving the interneuron-mediated inhibition of CA1 neurons. Moreover, the ATP receptor antagonist PPADS abolished the thrombin-mediated IPSC burst in slices from WT mice, consistent with a model in which astrocyte stimulation enhances interneuron activity through Orai1-dependent release of ATP. These findings agree with previous observations showing that activation of astrocytes increases extracellular ATP levels, which can modulate neuronal (and astrocytic) function in myriad ways including increased inhibition in the neocortex (52, 56) and increased interneuron activity in the hippocampus CA1 (56, 57) . Together, these results indicate that, by driving astrocyte Ca 2+ signaling and gliotransmitter release, astrocyte CRAC channels are likely to have a critical role in modulating hippocampal excitability under physiological conditions and may influence neuronal network activity in pathological conditions such as epilepsy and stroke.
MATERIALS AND METHODS
Transgenic mice C57BL/6 mice were cared for in accordance with institutional guidelines and the Guide for the Care and Use of Laboratory Animals. Animals were group-housed in a sterile ventilated facility, under standard housing conditions (12:12-hour light/dark cycle with lights on at 7:00 a.m. and temperatures of 20° to 22°C with ad libitum access to water and food), and maintained with in-house breeding colonies. Male and female mice were used in approximately equal numbers. All research protocols were approved by the Northwestern University Institutional Animal Care and Use Committee.
Tissue-specific deletion of Orai1 in the brain was accomplished as previously described (29 
Primary cultures
Primary astrocytes were isolated from neonatal (P0 to P3) mice by standard techniques for astrocytes (32, 71) with minor modifications. Hippocampi or cortices were dissected, and meninges were removed under a dissection microscope in 4°C dissection medium [10 mM Hepes in Hanks' balanced salt solution (HBSS)]. The tissue was minced and trypsinized (0.25% trypsin; Invitrogen) for 10 min in a 37°C water bath. Tissue was washed twice with HBSS and dissociated gently by trituration in culture media consisting of Dulbecco's modified Eagle's medium with 10% fetal bovine serum and 1% penicillin-streptomycin solution. Dissociated cells were filtered through a 70-m strainer to collect cell suspension and cultured in 25-mm 2 tissue culture flasks with 10 ml of medium. Half of the medium was exchanged every 3 to 4 days, and microglia were removed by forcefully shaking by hand for 10 to 15 s before each medium change. After cells reached near confluence (12 to 14 days in vitro), medium was removed from the cells and exchanged with preheated trypsin-EDTA (0.05%). After 5 min in the incubator, culture medium was added to inactivate the trypsin, and cells were collected and centrifuged for 5 min. The supernatant was removed, and the cell pellet was resuspended in culture medium. Cells were plated on poly-llysine-coated glass-bottom dishes (MatTek, 14-mm diameter, 10,000 to 15,000 cells per coverslip), 24-well plates (15,000 to 20,000 cells per well), or six-well plates (~100,000 cells per well). Plated astrocytes were maintained in the incubator and used in experiments after 2 days and within 1 to 2 weeks of plating. Half of the medium was exchanged with fresh medium every 4 days.
Stellate-like astrocytes were cultured using methods adapted from the recently developed AWESAM protocol (32, 33) with minor modifications. Astrocytes were cultured in flasks as described above. On days 7 to 10 in vitro, cells were trypsinized as described above and resuspended in NB+ medium containing Neurobasal (Invitrogen) with heparin-binding epidermal growth factor (HBEGF) (5 ng/ml), 2% B-27 supplement (Invitrogen), 2 mM l-glutamine, and 1% penicillinstreptomycin solution. Cells were plated on poly-l-lysine-coated glass-bottom dishes (5000 to 10,000 cells per coverslip) and maintained in the incubator for at least 1 week before use in experiments.
Primary neuronal hippocampal cultures were prepared from neonatal (P0 to P1) mice (72) . Hippocampi were dissected as described above. Once the tissue was trypsinized and washed with HBSS, it was dissociated gently by trituration in neuronal media consisting of Neurobasal supplemented with 2% B-27, 2 mM l-glutamine, and 1% penicillin-streptomycin. Cells were plated on poly-d-lysinecoated glass-bottom dishes (~20,000 cells per coverslip) or six-well plates (~200,000 cells per well) and maintained in the incubator for 2 to 3 weeks. Half of the neuronal medium was exchanged with fresh medium once a week.
DNA purification
Cultured hippocampal astrocytes or neurons were detached from six-well plates using a cell scraper. Detached cells and media were transferred to a 1.5-ml microcentrifuge tube and centrifuged for 5 min at 300g. Supernatant was removed, and the cell pellet was resuspended in phosphate-buffered saline (PBS). Total DNA was purified using the DNeasy kit (Qiagen), according to the manufacturer's instructions for cultured cells. Orai1 gene deletion was checked by PCR using the following primers: 5′-GGGACAAAACACTAACCTGT-CAT-3′, 5′-GGAGTAGAATTCAGTGGGAGAGT-3′, and 5′-TAT-GGTAAGGCTGGGAGACAC-3′. The expected sizes of the PCR products were as follows: WT, ~131 base pairs (bp); floxed, ~257 bp; and KO ~207 bp.
Viral microinjections
Postnatal days 35 to 57 Orai1 fl/fl GFAP-Cre and WT littermate mice were deeply anesthetized with isoflurane and head-fixed on a stereotaxic frame. Ophthalmic ointment was applied to protect the eyes during surgery. Thermal support was provided using a feedback-controlled heating pad (Warner). Mice were given preoperative analgesic coverage (buprenorphine, 0.3 mg/kg, subcutaneously (sc)]. Small craniotomies were performed directly over hippocampus in the left hemisphere. The stereotaxic coordinates were as follows: 2.0 mm posterior to bregma, 1.5 mm lateral to midline, and 1.6 mm ventral to the pial surface. Injection pipettes were fabricated from glass capillary micropipettes (Wiretrol II, Drummond Scientific Company) by pulling (PP-830, Narishige) to a fine tip and beveling (Micro Grinder EG-400, Narishige) to a sharp edge. Pipettes were backfilled with mineral oil and then loaded with viral vector by tip filling. Pipettes were advanced slowly to their targets where the viral vector carrying a construct coding for the Cre-independent GCaMP6f (AAV5 gfapABC1D-cyto-GCaMP6f; Addgene plasmid no. 52925 at a titer of 1.4 × 10 13 viral genomes/ml) was injected at a volume of 0.5 l over 5 min. Syringes were left in place for 10 min before retraction to allow for virus diffusion. Animals received postoperative analgesic coverage (meloxicam, 1.5 mg/kg, sc, once every 24 hours for 2 days).
Solutions and chemicals
The standard Ringer's solution used for wide-field Ca 2+ imaging studies contained the following: 155 mM NaCl, 4.5 mM KCl, 10 mM d-glucose, 5 mM Hepes, 1 mM MgCl 2 , and 2 mM CaCl 2 . The Ca 2+ -free Ringer's solution contained 3 mM MgCl 2 , 1 mM EGTA (Sigma-Aldrich), and no added CaCl 2 . pH was adjusted to 7.4 with 1 N NaOH. Stock solutions of TG, 2-APB, and YM-58483 (BTP2; Calbiochem) were dissolved in dimethyl sulfoxide and used at the indicated concentrations. ATP (Sigma-Aldrich), UTP (Sigma-Aldrich), and l-glutamic acid (Sigma-Aldrich) were all dissolved in water and used at the indicated concentrations. Thrombin was dissolved in 0.1% albumin and used at the indicated concentrations. EGTA-AM and BAPTA-AM were obtained from Invitrogen and loaded into astrocytes by incubating the cells for 35 to 45 min with 5 M AM buffer at 37°C.
For GCaMP6f imaging and electrophysiological recordings of slices, the external artificial cerebrospinal fluid (aCSF) solution contained the following: 125 mM NaCl, 2.4 mM KCl, 1.2 mM Na 2 PO 4 , 25 mM NaHCO 3 , 25 mM glucose, 2 mM CaCl 2 , and 1 mM MgCl 2 , equilibrated with 95% O 2 and 5% CO 2 . Ca 2+ -free aCSF solution contained the following: 125 mM NaCl, 2.4 mM KCl, 1.2 mM Na 2 PO 4 , 25 mM NaHCO 3 , 25 mM glucose, and 3 mM MgCl 2 , with 1 mM EGTA, equilibrated with 95% O 2 and 5% CO 2 . The internal solution for electrophysiological recordings contained the following: 95 mM CsF, 25 mM CsCl, 10 mM Hepes, 10 mM EGTA, 2 mM Mg-ATP, 0.3 mM Na3-guanosine triphosphate, 10 mM QX-314, 5 mM tetraethylammonium chloride (TEA-Cl), and 5 mM 4-aminopyridine (4-AP) (pH 7.3 with CsOH).
Wide-field Ca
2+ imaging Astrocytes grown on glass-bottom dishes were loaded with Fura-2 by incubating cells in 2 M Fura-2-AM (Invitrogen) in growth medium for 35 min at 37°C. Fura-2-containing medium was washed off, and cells were incubated for an additional 5 to 10 min before imaging. All experiments were performed at room temperature. Singlecell [Ca 2+ ] i measurements were performed as described previously (29) . Image acquisition and analysis were performed using SlideBook (Denver, CO). Dishes were mounted on the stage of an Olympus IX71 inverted microscope, and images were acquired every 6 s at excitation wavelengths of 340 and 380 nm and an emission wavelength of 510 nm. For data analysis, ROIs were drawn around single cells, background was subtracted, and F 340 /F 380 ratios were calculated for each time point. A rise in the ratio of emission when excited at 340 nm over the ratio when excited at 380 nm indicated a rise in [ ] i values over a 2-min baseline for each experiment. Store release was calculated by measuring the area under the curve during TG application in Ca 2+ -free solution.
Plasmids and transfection
Cultured astrocytes were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The E106A Orai1-YFP (yellow fluorescent protein) plasmid has been described previously (73) . spH was a gift from E. Kavalali (University of Texas Southwestern). The TeTx light chain plasmid was purchased from Slice electrophysiology Patch-clamp recordings were performed using an Axopatch 200B amplifier interfaced to an ITC-18 input-output board and an iMac G5 computer. Currents were filtered at 2 kHz with a four-pole Bessel filter and sampled at 5 kHz. Stimulation, data acquisition, and analysis were performed using in-house routines developed on the Igor Pro platform. Recordings were performed from CA1 pyramidal neurons, and the holding potential was −70 mV. CA1 pyramidal cells were identified by their location in the pyramidal layer. IPSCs were isolated by the inclusion of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 M) and D-(−)-2-amino-5-phosphonopentanoic acid (D-APV) (50 M) in the extracellular solution to block glutamate receptors. mIPSCs were recorded in the presence of TTX (1 M).
Data analysis
All data are expressed as means ± SEM. For datasets with two groups, statistical analysis was performed with two-tailed t test to compare between control and test conditions. For datasets with greater than two groups, one-way ANOVA followed by Tukey post hoc test was used to compare groups. Statistical analysis was performed with a confidence level of 95%, and results with P < 0.05 were considered statistically significant.
The average rate of spH-labeled exocytosis was calculated by measuring the slope of a line fit to the cumulative events plot for each cell. The baseline rate was measured by fitting a line to the first 120 s of the experiment. For measurements of agonist-evoked exocytosis, the cursors were set at least 120 s after agonist application and spanned 200 s. For the Ca 2+ -free exocytotic rate analysis, the cursors for the fit were set immediately after agonist application to obtain the store-release contribution to the release rate. No difference was seen in the exocytosis rates between Orai1 fl/fl nestin-Cre and Orai1 fl/fl GFAP-Cre astrocytes, and therefore, the results from these cells were pooled into an "Orai1 KO" group. spH event kinetics were measured with a line scan [12-pixel length (3.24 m)] through the center of individual events. The fluorescence values were calculated as ∆F/F 0 , where F 0 was the average of the baseline fluorescence for 5 s (25 time points) before the event. The half-width of each event was calculated using the Peak Analyzer function of OriginLab as the width of the curve at half of its maximum peak value.
The frequency and amplitude of Ca 2+ fluctuations in GCaMP6f-expressing astrocytes in slices were analyzed using ImageJ and OriginLab. ROIs were drawn manually on the 2D maximum intensity projection of the time series (~540 s) in each experiment around the soma, the primary proximal processes coming off the cell body, and the distal tertiary processes (fig. S7A ). The numbers and average sizes of the ROIs drawn around the soma, proximal processes, and distal processes were not statistically significantly different between WT and Orai1 fl/fl GFAP-Cre cells. Background was measured in a region of the imaging field not containing any GCamP6f expression. The backgroundsubtracted mean intensity of each ROI was measured at each time point using the ImageJ Multi Measure plugin, and F 0 was calculated by averaging the first 20 time points for each ROI. The intensity of the GCamP6f fluctuations at each time point was calculated as ∆F/F 0 for each ROI, and frequency and amplitude of the fluctuations were measured using Peak Analyzer function of OriginLab. A moving baseline with asymmetric least squares smoothing was used, and peaks were determined from the local maxima that exceeded a threshold of 10% over the local baseline. The frequency and amplitude for all the peaks in each ROI was averaged and calculated for each compartment (soma, proximal processes, and distal processes) in each cell. Analysis was done over a 3-min duration immediately before and at least 90 s after the administration of thrombin. Cells were excluded from analysis if they had noticeable z-drift or x-y drift during the experiment.
IPSCs were analyzed using MiniAnalysis software (Synaptosoft Inc.). Events were analyzed over a 5-min duration immediately before and 3 min after the administration of thrombin. The threshold for detection of events was set at 20 pA.
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